Abstract-Vickers hardness and density of composites, consisting of 20wt% Al 2 O 3 (in form of nanoparticles and/or whiskers) as reinforcement and 3-mole% yttria stabilized tetragonal zirconia (abridged as TZ-3Y) as matrix, were significantly enhanced by addition of 1wt% CTAB. The Al 2 O 3 whiskers were formed in situ from ammonium aluminum carbonate hydroxide (AACH) whiskers during sintering at 1450º C. An increase in hardness was also observed by increasing the fraction of alumina whiskers up to a critical value (5wt% Al 2 O 3(w) -15wt%Al 2 O 3(n) ) followed by a decrease in hardness by further increase in whisker fraction. The maximum hardness (i.e., at critical composition) was 14.29GPa and 13.65GPa, for samples with and without 1wt% CTAB, respectively. These hardness values are higher than already reported value of 12.4GPa for 2.5wt% Al 2 O 3(w) -17.5wt% Al 2 O 3(n) by Nevarez-Rascon et al. The improvement in hardness was attributed to the use of whiskers with comparatively larger diameter as well as improved dispersion of whiskers due to CTAB. At higher whisker fractions, a decrease in hardness could be related with agglomeration of whiskers.
I. INTRODUCTION
With advancement in manufacturing techniques the demand for new materials for dental and orthopedic applications with improved properties is increased [1] . Consequently, a lot of research has been focused on development of new materials for biomedical applications. The previous trend of using metals as dental materials has changed to the use of ceramic materials due to better biocompatibility, chemical inertness and aesthetics of the latter. Owing to its transformation toughening mechanism, Yttria-stabilized Tetragonal Zirconia occupies a unique position among these ceramics [2] . However its hardness (12GPa [3] ) is lower than other competitive ceramics such as Al2O3, SiC, Si3N4 etc [4] . For load bearing applications, its hardness and toughness can be further improved through composite formation. Due to better compatibility with zirconia for medical applications, alumina may be a suitable candidate as reinforcement component. This has lead to a lot of research activity for zirconia-alumina composites [5] .
Among various morphologies of reinforcement, fiber-like morphology is the best for the development of high toughness composites due to its toughening effects related with crack bridging etc. Similar effects may be obtained at significantly enhanced level through the use of strong ceramic whiskers as reinforcement. The whiskers are single crystals having high structural perfection along with excellent mechanical properties. For example the strength of SiC whiskers is 50GPa while for glass fibers it is 3GPa and for bulk glass only 0.1GPa [6] [7] [8] [9] . Excellent mechanical properties of whisker reinforced composites are attributed to the presence of various toughening mechanisms such as crack deflection, crack bowing, whisker pullout and crack bridging [10] [11] [12] [13] [14] etc.
A number of reports on the use of SiC whiskers as reinforcement for zirconia matrix can be found in literature [15] [16] [17] [18] [19] [20] . However, non oxide whiskers suffer limitations due to chances of high temperature oxidation or reaction with the matrix. Therefore, the use of oxide whiskers is more favorable, particularly, alumina whiskers which also show better biocompatibility. There are very limited reports on the use of alumina whiskers as reinforcement in zirconia matrix [21] [22] [23] [24] . In general, the use of only alumina whiskers results in decrease in density due to agglomeration. Nevarez-Rascon [25] used a combination of alumina whiskers and alumina particulates as reinforcement to get good relative density but due to very small diameter of alumina whiskers (1-2nm), agglomeration was still severe and only 2.5wt% alumina whiskers were possible to be added to get good hardness. In the present work the emphasis has been on the development of TZ-3Y composite with high hardness and sintered density. With overall concentration of alumina at 20wt% [26] , the change in hardness and density with varying fractions of whisker and powder alumina were studied. The whiskers' diameter was relatively higher. They were introduced in the form of AACH whiskers of 100-200nm diameter prepared by hydrothermal method [27] , which were transformed in situ into alumina whiskers during calcinations / sintering at higher temperatures. Moreover, the effect of use of Cetyl Trimethyl Ammonium Bromide (CTAB) to disperse alumina nanoparticles and whiskers in zirconia matrix was also reported.
Effect of CTAB Addition on Improvement of Properties of
A. Preparation of AACH Whiskers
Alumina whiskers (Al 2 O 3(w) ) were produced in situ from transformation of AACH whiskers during sintering. The AACH whiskers were prepared through hydrothermal technique, the details of which have been reported elsewhere [24] .
B. Preparation of Nanocomposites and Their Characterization
Five samples of each with and without 1wt% CTAB were prepared. The compositions of these samples are given in Table I The AACH whiskers along with Al 2 O 3 nanoparticles (Al 2 O 3(n) average particle size of 150nm) and TZ-3Y (average particle size of 200nm) were dispersed separately in absolute ethanol. For B type samples 1wt%CTAB was also added in ethanol before addition of particles or whiskers. For breaking the agglomerates the suspension was sonicated for 30 minutes. AACH whiskers were added according to the stoichiometric amount of alumina whiskers required. Both suspensions were mixed together and the mixture was kept at 40°C~60°C while stirring until all the ethanol was evaporated. The dried powder without CTAB was calcined at 400º C while the CTAB containing mixture was calcined at 650º C for 30minutes to remove volatile ingredients of AACH and CTAB.
The calcined mixture was uniaxially pressed under a load of 5x10 3 Kg in a steel die to make pellets of 10mm diameter. The prepared green pellets were sintered at 1450º C in air for 2 hours in a high temperature (Carbolite HTF-18/8) furnace. The density of the sintered pellets was measured using analytical grade ethanol following Archimedes principle. The micro-hardness tester (Series 401MVD WOLPERT Group) was used to measure Vickers hardness of sintered pellets at room temperature. Four samples per composition and approximately 10-15 indents per measurement were made and the average hardness was calculated. The separation between the neighboring indents was kept more than 4 diagonal lengths of indentation impression as per ASTM standard of ASTM C 1327-99 [28] . For hardness testing, a load of 1Kg was applied for 15 seconds.
The microstructural study was carried out using JEOL JSM5910 scanning electron microscope (SEM) at 20 kV. The samples were then gold coated using SPI-Module sputter coater in order to avoid charging during exposure to electron beam. A Nicolet 6700 Fourier Transform Infrared Spectrometer (FTIR) was employed for the IR studies. Fig. 1(a) shows the SEM micrograph of as-prepared AACH whiskers. Smooth surfaced whiskers with approximate diameter of 100~200nm can be observed. Some whiskers are slightly bent with needle like shape at the end. This bending is useful in enhancing the mechanical interlocking in the composite [29] . Fig. 1(b) shows the surface micrograph of the pellets sintered at 1450º C. Uniform grains of 300nm diameter are clearly visible. However, no whisker-like morphology is observed on surface of the sample. To clarify this discrepancy, the scanning electron microscopy was performed on the fractured surface. Fig. 2(a-b) shows the SEM micrographs of the fractured surface showing the whisker-shaped protrusions (encircled on Fig. 2(b) . In our earlier studies [30] we have shown through EDS analysis that these whisker-like protrusions have aluminum rich composition as compared to matrix and are basically Al 2 O 3 whiskers. It may be concluded that whiskers retain their morphology even after sintering and thus produce whisker toughening effects by crack deflection and crack bridging resulting in increase in strength of the composite. Moreover, no agglomerates of whiskers were observed at any part of the sample containing 5wt% alumina whiskers and 1wt% CTAB. So the addition of CTAB has improved the dispersion of alumina in the matrix of TZ-3Y. Fig. 1 . SEM micrographs of (a) as prepared AACH whiskers; (b) sintered surface of sample with composition of 80wt% ZT-3Y + 5% Al2O3(w) + 15% Al2O3(n). Fig. 3 shows the Fourier transform infrared spectroscopy of samples containing 20wt% alumina in the form of AACH (NH 4 Al(OH) 2 CO 3 ) before and after calcination. Most of the peaks correspond to AACH [31] . The peaks in the region 3173cm -1 and 1388 cm -1 are due to symmetric and asymmetric bond stretching of NH 4 of AACH. While the bands at 1382, 1444 and 1540cm -1 correspond to asymmetric stretching modes of CO 3 -2 in AACH. However, after calcinations these peaks of NH 4 & CO 3 -2 are eliminated. This means that volatile ingredients of AACH have been removed as a result of calcination.
III. RESULTS AND DISCUSSION
Visually, the peaks of samples with and without CTAB have no clear difference. However, on magnifying the plot, a slight shift can be observed in some of the peaks of two types of samples. For example, the peak corresponding to O-H stretching appears at 3437cm -1 wavenumber. But with addition of 1wt% CTAB the peak shifts slightly to higher wavenumber of 3441cm -1 (Fig. 3(b) ). This indicates that with the addition of surfactant or deflocculating agent (CTAB), the hydrophobicity of the particles and whiskers increases [32] . Otherwise one can say that CTAB has attached with particles or whiskers by replacing water molecules. As the CTAB is a cationic surfactant so it has produced the net positive charge on the particles and this results in increasing the inter-particle repulsion and hindrance in agglomerate formation and improvement in reinforcement dispersion. This conclusion is in good agreement with already reported work saying that zeta potential of Al 2 O 3 particles increases with the addition of CTAB [33] . In general, electrostatic repulsive force between particles increases with the increase of zeta potential. Fig. 2 . SEM micrographs of fractured surface os sample with composition of 80wt% ZT-3Y + 5% Al2O3(w) + 15% Al2O3(n) Fig. 4(a) shows the change in relative density with increase in the amount of alumina whiskers. For the composition of 5wt% Al 2 O 3(w) +15wt% Al 2 O 3(n) +80wt%TZ-3Y (n) , relative densities of 94.3% and 93.3% were obtained for samples with and without 1wt% CTAB, respectively. This means that with the addition of CTAB the densification of composite is enhanced, which may be attributed to better dispersion of whiskers with the addition of CTAB. If the green compacts have good dispersion of reinforcement, it would result in uniform shrinkage during sintering and increase in the sintered density. Moreover, the increase in relative density with addition of CTAB is more pronounced at higher concentration of alumina whiskers. As at higher whisker concentrations the agglomeration is more severe, the effect of CTAB is also more prominent.
The effect of increase in proportion of alumina whisker on the hardness of composite is shown in Fig. 4(b) . The maximum hardness is obtained for 5wt% Al 2 O 3(w) +15wt% Al 2 O 3(n) composition, which is 14.29GPa and 13.65GPa for samples with and without 1wt% CTAB, respectively. These values are higher than already reported maximum hardness of 12.4GPa at concentration of 2.5wt% Al 2 O 3(w) +17.5wt% Al 2 O 3(n) by Nevarez-Rascon et al. They used alumina whiskers of 1~2nm diameter. Due to smaller diameter, the surface energy of the whiskers was high resulting in the formation of hard agglomerates. These agglomerates created low density regions in the composite. The presence of these low density regions was responsible for decreasing the hardness of composites with increase in the whisker content beyond 2.5 wt%. But in the present case, whiskers used were of comparatively larger diameter, i.e., of the order of 100nm which resulted in decreasing the agglomeration tendency and improvement in hardness. Moreover, the whiskers were added in the form of AACH which has comparatively better sorption properties and thus gives better dispersion than direct alumina [34] . IV. CONCLUSIONS 1) With the addition of alumina whiskers, the hardness of alumina reinforced TZ-3Y nanocomposites increases. The whiskers retain their morphology even after sintering and improve the hardness of the composites by various whisker toughening effects.
2) The addition of CTAB also increased the sintered density and hardness of the composites. The maximum hardness obtained, i.e., 14.29 GPa is higher than the already reported value of 12.4GPa for similar composites. 
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